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a b s t r a c t
In this paper, we explored the recovery dynamics of confined methane (CH4) with water
(H2O), carbon dioxide (CO2) and nitrogen (N2), by performingmolecular dynamics simula-
tions. Through theoretical analysis, we obtained a simple yet effective method to calculate
the stress caused by adsorption/desorption. By comparing the adsorption energies and con-
figurations of CH4, H2O, CO2 and N2 on graphene surface, it indicated that CO2 is the best
candidate in displacing CH4. The energy barriers of displacing one adsorbed CH4 molecule
by CO2, H2O and N2 were found to depend on the displacement angle, and that vertical
displacement costs the lowest energy. The energy barriers of displacing onemolecule in an
adsorbed CH4 layer under different conditions were also obtained. Furthermore, displace-
ment efficiencies of the adsorbed CH4 confined in the carbon nanotube were compared.
The displacement efficiency is in the order of CO2 > N2 > H2O. Our study may help to
reveal the underlying mechanisms of adsorption/desorption phenomena, understand the
shale gas recovery from the atomic level and provide new idea in shale gas exploitation
technology.
© 2016 Elsevier Ltd. All rights reserved.1. Introduction
In recent years, shale gas plays growing-important role
in renewable energy, because of its inherent advantages
such aswide distribution, large quantity and low pollution.
In addition, the proportion of adsorbed gas is high,
generally between 70% and 85% [1,2]. Nevertheless, shale
gas is difficult to desorb from the shale, which limits
the shale gas recovery. Therefore, the research on the
microscopic properties of gas in the shale is a key stage
in enhancing shale gas recovery (ESGR) [3,4]. Earlier
studies have shown that most of shale gas, which is
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2352-4316/© 2016 Elsevier Ltd. All rights reserved.mainly composed of methane (CH4), adsorbs on the
wall of the pores in shale [5], and a significant part of
the pores is at nanoscale [6–9]. Thus, it is essential to
explore the adsorption properties of CH4 on shale. In
addition, the properties such as low porosity and low
permeability of the shale bring technical difficulties to
the shale gas extraction [10–12]. Hence, effective methods
for ESGR are highly necessary. Fracking is a widely
used method in ESGR and molecular dynamics (MD)
simulations have been carried out to explore the fracking
at the atomic scale [13,14]. Recently, supercritical carbon
dioxide (CO2) has been generated considerable interest
because of its general accessibility, low price and special
physicochemical properties [15–17]. Supercritical CO2 has
low viscosity, and its surface tension is nearly zero, thus it
could diffuse into nanopores easily, consequently, is a good
fracturing fluid [18]. In addition, since CO2 has a stronger
affinity on the shale than CH4, CO2 injection is proved to be
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CO2 displacement is an efficient and economical way in
ESGR compared with fracking [22–25]. Besides, N2 is an
inert and compressible gas with low viscosity. Hence, N2
foam fracturing is used for water-sensitive, shallow, and
brittle shale formation.
Exploring the adsorption of gas (CH4, CO2, H2O and
N2) on the shale surface and the displacement of CH4 by
injecting CO2 (H2O and N2), corresponding to fracking,
supercritical CO2 displacement and N2 foam fracturing,
are important in ESGR. The influence of pore geometry
in storing CH4 by adsorption in microporous materials
has been discussed [26]. Furthermore, Thierfelder et al.
studied and presented a microscopic picture of the
CH4 adsorption on the graphene from first principles
simulation [27]. The structures of CH4 and CO2 adsorbed
on single-wall carbonnanotube (SWNT) bundles have been
investigated [28,29]. Except for the adsorption structure
of CH4 and CO2, the sorption and desorption behaviors
of CH4 and CO2 have been studied on a set of well-
characterized coals [30]. For other adsorbates, Wehling
et al. explored water adsorption property on graphene
by first principles simulation [31]. In addition, Jessen
and coworkers have investigated the enhancement of
coalbed methane recovery by the injection of CO2 and
N2 through simulation and experiment [32]. Recently,
the atomic mechanisms and equation of state of CH4
adsorption in carbon nanopores and CO2 displacing CH4
have been revealed [33,34]. However, the physicochemical
mechanisms of recovery dynamics of confined CH4 are still
poorly understood.
In this paper, we used MD simulations to investigate
the mechanisms of recovery dynamics of adsorbed CH4
by injecting H2O, CO2 and N2, respectively. First, the
adsorption properties, i.e. potential energy distribution,
adsorption configurations and adsorption capacity of CH4,
H2O, CO2 and N2 on graphene were investigated. Second,
we explored the energy variation in the process of one
CH4 and one layer adsorbed CH4 on the graphene by one
molecule (H2O, CO2 or N2) injection, respectively. In the
displacement process, the energy barriers varied with the
approaching angle. Finally, we investigated the process
and efficiency of CH4 displacement by H2O, CO2 and N2
injection in carbonnanotube (CNT), respectively. Our study
may assist the understanding of the displacement process
fromatomic level and provide a theoretical guide for ESGR.
2. Model and method
MD simulations implemented in LAMMPS [35] have
been carried out. In the first place, we explored the three
dimensional (3D) distribution of adsorption energy of CH4
(or H2O, CO2, N2) on the graphene surface with respect to
the coordinates of the molecules.
We simulated the adsorption/desorption behaviors of
CH4, H2O, CO2 and N2 on graphene adopting consistent
valence force-field (CVFF) [36], which is based on the ab
initio calculations and experiments. The total potential
energy consists of the bond energy Ebond and nonbond
energy Eij. Ebond is the sum of bond, angle and torsion
energies. Eij is the interaction potential between two atomsi and j, the potential energy is the sumof Lennard-Jones (LJ)
and electrostatic potential energies [37]:
Eij = 4εij

σij
rij
12
−

σij
rij
6
+ ke qiqjrij (1)
where εij is the depth of the potential well, σij is the zero-
crossing distance for the potential, ke is the electrostatic
constant, rij is the distance between the two atoms, q is the
charge on the atom. The values of σ and ε between two
species were calculated by the Lorentz–Berthelot (LB) rule.
The adsorption of CH4 (H2O, CO2 or N2) on graphene in our
simulations is physisorption [38]. The adsorption energy
Ead is defined as
Ead = Ea@s − Ea − Es (2)
where Es, Ea and Ea@s are the energy of the adsorbent (the
substrate), the adsorbate (the gasmolecule to be adsorbed)
and the adsorbate on the adsorbent, respectively. More-
over, when the distance between the adsorbate and adsor-
bent is long enough, Ead equals zero.
In the second place, we explored the displacement of
CH4 molecule by injecting H2O, CO2 or N2 molecule on
the surface, respectively. The whole system was modeled
in NVT ensemble (constant number of atoms, volume
and temperature) with Nose/Hoover method to regulate
the temperature at 300 K and the time step was 1 fs.
In addition, MD simulations have been carried out to
explore the displacing one layer adsorbed CH4 molecules
by injecting H2O, CO2 or N2 molecule on the surface,
respectively.
Finally, large-scale MD simulations were further per-
formed to explore the displacement of CH4 by injecting
H2O, CO2 or N2 molecules in CNT, respectively. TheNVT en-
semble was used. The displacement processes were mod-
eled at temperature of 310 K, and the pressure was set as
20 MPa which was controlled by the density of the bulk
phase, and the temperature and pressure are typical val-
ues in the practice. According to the phase diagrams as
shown in Fig. 1 [39–42], under these temperature andpres-
sure conditions, both CO2 and N2 are supercritical fluid. All
atoms in these simulations were modeled as LJ particles
with a cutoff of 10 Å, and the CNT was flexible.
The graphene and CNT are selected as basic research
model in this paper for geometric simplification and that
the adsorption properties of shale gas adsorbing in organic
slit-pores are quite similar to those in graphene and
CNT [43].
3. Results and discussions
3.1. Stress field of substrate in adsorption and desorption
processes
The adsorption of gas (CH4, H2O, CO2 and N2) on
graphene in our simulations is physisorption, which is
mainly caused by van derWaals force. When the attractive
and repulsive forces are balanced, the molecule adsorbs
on the surface. For the purpose of calculating convenience,
the surface is assumed to be isotropic and homogeneous
as shown in Fig. 2, hence, the blue and red areas are
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temperature in our simulations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)respectively under compressive and tensile stresses. Since
the adsorbate is in the force balance, we have
Aσz =
 rb
ra
σ ′zz(r)2πrdr −
 ra
0
σzz(r)2πrdr = 0, (3)
where A is the possession area of the adsorbate and σz is
the average normal stress. ra and rb are the radii of tensile
and compressive areas. σzz(r) and σ ′zz(r) are the normal
stresses of the tensile and compressive areas.
Since the order of magnitude of the loading area is
approximately 10−18 m2, we substitute the stress in this
infinitesimal area with an average value, we substitute the
stress in this area with an average value, and then obtain rb
ra
σ ′rr(r)2πrdr −
 ra
0
σrr(r)2πrdr = Aσm, (4)
where σrr(r) and σ ′rr(r) are the radial stresses as shown
in Fig. 2(a), the force in circumferential direction is zero,
hence, the hoop stress caused by adsorption is zero. From
Eq. (3), we know that the average normal stress of the
surface is zero. Therefore, the stress field caused by the
adsorption can be converted into a plane stress state as
shown in Fig. 2(b).
Obviously, the adsorption influences the bond energy of
the adsorbent, thus changes the surface stresswhich can be
obtained from thermodynamic considerations [44,45], the
average surface stress change is expressed by
1σ = kBT
a2
ln(1− θ)+ θ
a2
∂Ead
∂s
, (5)
where kB is the Boltzmann constant, T is the ambient
absolute temperature, θ is the surface coverage due to
adsorption, a2 is the surface occupied by adsorbate, Ead is
the adsorption energy, s is strain of the surface. Surface
stress has the dimension of force per unit length. However,
the relationship between the adsorption energy and the
infinitesimal strain is difficult to obtain. Hence, we need
to explore a simple yet effective method to calculate the
stress distribution.
In our simulation, the molecule adsorbs on graphene
consisting of one layer of carbon atoms. We try to derive
the stress of the graphene by interatomic interactionsdirectly. The interaction between molecule and surface
atom is LJ potential:
E(r) = B
r12
− C
r6
, (6)
where B = 4εσ 12, C = 4εσ 6, σ is the value of r at which
E(r) = 0, ε is the well depth. The atomic density of the
surface is ρ = N/S (number of particles N divided by the
surface area S). Here, we calculate the total radial force of
the surface which is caused by the molecule located at a
position z = h, the integration will be
Ftotal = ρ
 2π
0
dθ
 ∞
0
∂E
∂r
r1
r21 + h2
r1dr1
= ρ
 2π
0
dθ
 ∞
0

−12B r21 + h2−13/2
+ 6C r21 + h2−7/2 r1
r21 + h2
r1dr1
= 3π2ρ−21B+ 32Ch
6
256h11
. (7)
In addition, the total interaction between single atomic
layer and a molecule is
E(h) = ρ
 2π
0
dθ
 ∞
0

4εσ 12

r21 + h2
−6
− 4εσ 6 r21 + h2−3 r1dr1
= 8επρσ 2

σ 10
10h10
− σ
4
4h4

. (8)
Then, we obtain normal force of the surface FZ = − ∂E(h)∂h =
8επρ σ
12−σ 6h6
h11
. When Fz = 0, h = σ which is the
equilibrium position. Hence, we draw the curves of the
radial force as shown in Fig. 3, from which we can
determine the possession area A of the adsorbate.
Once the total radial force Ftotal and the possession area
A are determined,we can calculate the average stressσm =
Ftotal/A. And from the previous analysis, both the hoop
130 K. Lin et al. / Extreme Mechanics Letters 9 (2016) 127–138Fig. 2. (a) The real stress state of adsorbent caused by adsorption. The adsorbent atoms in the red area with radius of ra and in the blue area with radius
of rb feel the repulsive and attractive forces from the adsorbate, respectively. (b) The stress state of adsorbent after homogenizing treatment. σm is the
average radial stress. (c) The force analysis of adsorbent. h is the adsorption distance. r1 is the distance from the center. (d) The stress state of adsorbent
after homogenizing treatment in displacement process. σ ′m is the average radial stress and σz is average normal stress. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3. The radial force caused by adsorption. Fr is the radial force, F0 =
1 kcal ·mol−1 · Å−1 and r1 is the radius as shown in Fig. 2(c).
stress and average normal stress are zero. In addition, shear
stress is zero in free surface. Thus, the stress tensor upon
adsorption in terms of cylindrical coordinates is
σa = 33π
2ρεσ
64A
1 0 0
0 0 0
0 0 0

. (9)
In the process of desorption, when the replacement is
close to the adsorbate, the adsorbate wouldmove from the
original adsorption site to a new place. Therefore, the right
side in Eq. (3) is not zero. We obtain the average normal
stress of the surface caused by the original adsorbate σz =
Fz/A. The stress tensor of the surface in the desorption
process has the following form
σd = πρεσ
6
h11A

−63πσ 6 + 96πh6
64
0 0
0 0 0
0 0 −8σ 6 + 8h6
 .
(10)
In MD simulations, the virial stress tensor of each atom
is σ′, and the stress tensor is symmetrical σ′ = σ′T. The
tensor is in the Cartesian coordinates. Through coordinateTable 1
Stress caused by adsorption (MPa).
CH4 CO2 H2O N2
Simulated 70.1 94.9 44.7 52.5
Theoretical 68.1 85.3 45.3 53.1
conversion, we get the stress tensor in cylindrical coordi-
nates:
σ =
 cos θ sin θ 0
− sin θ cos θ 0
0 0 1

σ′
cos θ − sin θ 0
sin θ cos θ 0
0 0 1

. (11)
Hence,we can obtain the simulated and theoretical data
of the stress caused by adsorption as shown in Table 1.
The simulated and theoretical results agree well with each
other. Therefore we present a simple yet effective method
to describe or calculate the stress field of adsorbent in
adsorption and desorption processes.
3.2. Adsorption of CH4, H2O, CO2 and N2 on Graphene
First, the 3D distribution of potential energy of the
interaction between CH4 (or H2O, CO2, N2) and the
graphene surface was scanned as shown in Fig. 4. The red
means the high potential energy, while the blue means
the low potential energy. The energy distribution indicates
that the most stable adsorption site is at the blue area.
We found that each 3D distribution of potential energy
has a minimum surface, i.e. the adsorption surface. As
shown in Fig. 5, when molecules approach graphene, the
potential energy E decreases from 0 to the lowest E and
then increases, and the equilibrium distance between CH4
(or CO2, H2O) and graphene is 3.4 Å, while that between N2
and graphene is 3.5 Å. Ead ofmolecules on graphene surface
are listed in Table 2. From the results, the adsorption
energy is in the order of CO2 < CH4 < N2 < H2O.
The lower adsorption energy makes it easier to adsorb
on graphene surface, which implies that CO2 can be the
best candidate in displacing CH4. In addition, the atomic
configurations of CH4, CO2, H2O and N2 on graphene were
K. Lin et al. / Extreme Mechanics Letters 9 (2016) 127–138 131(a) CH4 . (b) H2O.
(c) CO2 . (d) N2 .
Fig. 4. 3D distribution of potential energies of the CH4 , H2O, CO2 and N2 on graphene. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)simulated, respectively. The potential energy surface of the
equilibrium distance and the atomic configuration were
plotted in Fig. 5. The potential energy surface indicates that
the most stable adsorption site of CH4 (H2O or N2) was
located at the hollow site. While, as shown in Fig. 5(c),
the most stable adsorption site of CO2 on graphene was at
the bridge site with two C=O bonds pointing towards the
center of the neighboring carbon rings.
In our simulations, the graphenewas flexible, hence, the
graphene deformed when the molecule adsorbed on the
graphene. The vertical deformation of the graphene surface
was shown in Fig. 6. It illustrates that the interaction
between CO2 and substrate is the strongest, CH4 and N2
are very close, and H2O is the weakest. Those results
may provide evidence of CO2 being the best candidate to
displace CH4.
3.3. Displacement of CH4 by Injecting H2O, CO2 and N2 on
Graphene
The adsorbed CH4 molecules were expected to desorb
from the substrate when exploiting shale gas. Therefore,
the substitution properties of using H2O, CO2 or N2 to
displace CH4 have been discussed. Firstly, we used one
molecule (H2O, CO2 or N2) to displace one CH4 molecule,
which adsorbed at its most stable adsorption site on
the graphene, with five different approaching angles θ .
The processes of using H2O to displace CH4 in different
approaching angles were shown in Fig. 7. When the H2O
was getting close to CH4, CH4 moved away from theadsorption site. In addition, we calculated the change in
energies for these processes. When H2O approached CH4,
the energy increased and then H2O went across an energy
barrier. After that, H2O took the adsorption site of CH4
and then CH4was displaced to another adsorption site on
graphene. The variation of the energy with respect to the
distance between theH2Omolecule and the adsorption site
of CH4 was recorded as shown in Fig. 7(a)–(c). With the
increase of θ , the energy barrier EB decreases as shown
in Fig. 7(d). The MD results with linear fit showed that
EB/kBT = 0.632− 0.00268θ .
In addition, the energy variation with respect to the
distance between the N2 and the adsorption site was
recorded when N2 approached the CH4. With the increase
of θ the energy barrier EB decreases as shown in Fig. 8,
the linear fit to the MD results is EB/kBT = 1.317 −
0.00463θ . In the case of displacing a CH4 molecule by
injecting CO2, the linear fit to the MD results is EB/kBT =
1.621−0.00693θ [34]. It was found that the energy barrier
decreases with the increase of the displacement angle.
From the slope of the three straight lines, it implies that
the energy barrier of CO2 is most sensitive to approaching
angle.
The progress of using CO2 molecule to displace CH4
molecule is shown in Fig. 9(a), we found that the CO2
rotated from horizontal to vertical, and then from vertical
to horizontal automatically in the displacement process.
In order to explain this interesting phenomenon, we
calculated and illustrated the forces on the two oxygen
atoms of CO2. It indicates that when the CO2 is far enough
132 K. Lin et al. / Extreme Mechanics Letters 9 (2016) 127–138Fig. 5. The left are the variable of interaction energies between adsorbates and graphene, the right are the potential energy surfaces of the equilibrium
distance and the adsorption configurations.Table 2
Adsorption energies of CH4 , CO2 , H2O and
N2 on graphene.
Adsorbate Ead (kcal/mol)
CH4 −5.81
CO2 −7.71
H2O −2.50
N2 −5.67
from the graphene, the forces on the two oxygen atoms
have the same magnitude and direction, therefore there
was no torque on the CO2 molecule. As the CO2 was close
enough to the substrate, the forces on the two oxygen
atoms would be different whether in magnitude or in
direction, therefore it would produce a torque that makes
CO2 molecule rotate as shown in Fig. 9(a). Hence, we
have compared the potential energy of CH4 displacement
by rotatable and irrotational CO2, as shown in Fig. 9(c).Fig. 6. Top: Side views for the adsorption configurations of the four kinds
of molecules Bottom: Top views for the substrate deformation.
It illustrates that the rotation makes the displacement
process cost less energy. The same phenomenon can be
observed in N2 injection.
To explore the mechanism of rotation making the
displacement or adsorption process cost less energy, we
studied the interaction potential between CO2 molecule
K. Lin et al. / Extreme Mechanics Letters 9 (2016) 127–138 133Fig. 7. The variation of the energy with respect to the distance between the H2Omolecule and the adsorption site of CH4 when the displacement angle is
(a) 0°, (b) 45° and (c) 90°, respectively. (d) The variation of the energy barrier EB with respect to the displacement angle θ . Black squares are MD results.
The red line is a linear fit to the MD results. kB is the Boltzmann constant and T is the absolute temperature. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)Fig. 8. The energy barriers of using N2 to displace CH4 . Black squares are
MD results, the red line is a linear fit to theMD results. (For interpretation
of the references to color in this figure legend, the reader is referred to the
web version of this article.)
and graphene. Because CO2 is a linear molecule, and the
carbon atom is in the middle of CO2. Hence, the minimum
potential energy of CO2 is determined by the sites of the
two oxygen atoms as shown in Fig. 10. The interaction
energy between atoms is the LJ potential.
From Eq. (6), let d
2E(r)
dr2

r=r0
= 0 then r0 = σ 6

26
7 =
1.244σ , hence, r0 is the inflection point, and it is the critical
point of CO2 molecule from vertical (case 1) to horizontal
(case 2) as shown in Fig. 10.
If d
2E(r)
dr2
< 0, then E (r) is concave down at r0 < r <
rcutoff. When r1,2 > r0, E
 r1+r2
2

>
E(r1)+E(r2)
2 , which means
that Ecase1 < Ecase2, hence, before reaching the critical point
the CO2 molecule should be vertical to the graphene.Fig. 9. (a) Side views of the evolutions of displacing a CH4 molecule by
injecting a CO2 molecule with displacement angle of 90°. The black and
red arrows respectively illustrate the force vector and the torque. (b) Side
views of the evolutions of displacing a CH4 molecule by injecting a N2
molecule with displacement angle of 90°. (c) The dash and solid lines are
the variations of the potential energies of displacing with irrational and
rotational CO2 (black) or N2 (red). When the CO2(or N2) is close to the
adsorption site, the first branching point indicates that the CO2(or N2) is
going to rotate. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
On the other hand, if d
2E(r)
dr2
> 0, then E (r) is concave
up at 0 < r < r0. When r1,2 < r0, E
 r1+r2
2

<
E(r1)+E(r2)
2 ,
which means that Ecase2 < Ecase1, hence, after across the
critical point the CO2 is parallel to the graphene.
134 K. Lin et al. / Extreme Mechanics Letters 9 (2016) 127–138Fig. 10. The interaction energy between CO2 molecule and graphene, r0
is the inflection point. (a) r1,2 > r0 , case 1 costs less energy. (b) r1,2 < r0 ,
case 2 costs less energy.
Furthermore, singular H2O, CO2 or N2 molecule was
injected to approach an adsorption layer of CH4 on
graphene, respectively. Since the adsorption layer was
initially saturated with CH4 molecule, when the H2O
molecule approached the adsorption layer, one of the
CH4 in the adsorbed CH4 layer was displaced in this
process, as shown in Fig. 11(a). The corresponding energy
barrier is about 1.39 kBT , which is larger than the case in
Fig. 7(d) because of the interaction with the surrounding
CH4 molecules. In addition, the H2O molecule was forced
to approach the adsorption layer of CH4 molecules with
different displacement angles, the energy barriers are
listed in Table 3. The highest energy barrier is 2.1 times of
the lowest, whichmeans that the displacement angle plays
a noticeable role in the displacing energy barrier.
In the cases of CO2 and N2 approaching the adsorption
layer, the processes are shown in Fig. 11(b) and (c),
respectively. When the molecule (CO2 or N2) approached
the adsorption layer, one of the CH4 in the adsorbed CH4
layer was displaced in this process. The corresponding
energy barriers were about 6.15 kBT (for CO2) and 4.2 kBT
(for N2). They are larger than the cases that displace one
adsorbed CH4 because of the effect of the surrounding
CH4 molecules. In addition, the molecule (CO2 or N2) was
forced to approach the adsorption layer of CH4 molecules
with different displacement angles, the energy barriers are
listed in Table 3. The results indicate that the displacingTable 3
Energy barriers of displacing a layer of CH4 (EB/kBT ) with respect to
different displacing angle.
26.6° 45° 63.4° 90°
H2O 2.03 2.97 1.96 1.39
CO2 7.04 6.20 7.78 6.15
N2 3.72 4.16 4.49 4.20
energy barrier is insensitive to the displacement angle.
And the reason is that the confinement effect of the
surrounding CH4 molecules plays a major role in those
displacement processes.
Obviously, different from CO2 (or N2), H2O is a non-
linear molecule, which has six degrees of freedom (DOFs)
as a rigid body, and CO2 (or N2) is a linear molecule having
five DOFs. Therefore, the approaching progress of H2O
was more complicated with higher entropy, leading to the
energy barrier affected greatly by the approaching angle.
3.4. Displacement of CH4 by Injecting H2O, CO2 and N2 in
CNT
In the previous sections, we have discussed the
adsorption/desorption of CH4 on graphene. However, it
has been known that most of shale gas is stored in
nanopores of the shale. Therefore, the CNT was chosen as
the representation for the nanopores in the shale. Before
exploring desorption of CH4 from CNT, CH4 should adsorb
in the CNT firstly. In these MD simulations, the pressure
was controlled by the density of the bulk phase CH4, the
CNT was fixed during the whole process and connected
with the bulk phase CH4.
The CH4 in the CNT was saturated after the adsorption
process as shown in Fig. 12(b). Then, we explored the
desorption process of CH4 by injecting H2O into the CNT.
The desorption model was shown in Fig. 12(a). In addition,
during the desorption process the variation of CH4 density
in the CNT was plotted in Fig. 12(d). The gradual decrease
of the CH4 density with time shows that the CH4 molecules
were displaced from the CNT wall. At 2 ns, 61.6% CH4
molecules in the CNT were released, it is the equilibrium
density of CH4 in the CNT.
In order to make comparison, we explored the desorp-
tion process of CH4 by injecting CO2 in the CNT. The evo-
lution of molecules in the CNT was shown in Fig. 13(a).(a) H2O. (b) CO2 .
(c) N2 .
Fig. 11. Side views of the evolutions of displacing a CH4 molecule in one adsorption layer by injecting a H2O (or CO2 , N2) molecule with displacement
angle of 90°. The white, red, yellow and cyan balls represent hydrogen, oxygen, nitrogen and carbon atoms, respectively. The cyan chains represent the
graphene. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
K. Lin et al. / Extreme Mechanics Letters 9 (2016) 127–138 135(a) t = 0 ns. (b) t = 2 ns. (c) Snapshots of the
adsorption structure.
(d) Variation of CH4 density.
Fig. 12. MD simulation of desorption by H2O injection, the simulating state at (a) 0 ns and (b) 2 ns. (c) The snapshots of the initial and final adsorption
structure of CH4 in the CNT. (d) The variation of CH4 density in the CNT with respect to time during the simulation.Fig. 13. (a) MD simulation of desorption by CO2 injection. (b) The snapshots of the initial and final adsorption structure of CH4 in the CNT. (c) The variation
of CH4 density in the CNT with respect to time during the simulation.In addition, the gradual decrease of the CH4 density with
time indicates the CH4 molecules were desorbed from the
CNT wall. During the desorption process the variation of
CH4 density in the CNT was plotted in Fig. 13(c). At 2 ns,
96.9% CH4 molecules in the CNTwere released as shown in
Fig. 13(b). Similarly, we explored the desorption process of
CH4 by injecting N2 into the CNT in the sameway. The des-
orption model and the variation of CH4 density in the CNT
were plotted in Fig. 14. At 2 ns, 64.8% CH4 molecules in the
CNT were released as shown in Fig. 14(b).
From the comparison, the displacement efficiency in
CNT is in the order of CO2 > N2 > H2O. And in the previous
section,we found the adsorption capacity on graphene is in
the order of CO2 > CH4 > N2 > H2O. Since the adsorptioncapacity of CO2 is stronger than CH4, which implies that
CO2 can displace CH4 spontaneously, so nearly all of CH4
in the CNT were displaced. As for N2 and H2O, they cannot
displace CH4 directly. The CH4 molecules were desorbed
mainly by decreasing the partial pressure of CH4. Hence,
the displacement efficiency is not as high as CO2 injection.
In addition, to explore the variation of adsorption
structure and number density distributions of CH4 in CNT,
we plotted CH4 number density along the radial direction
in Fig. 15, with D representing the distance from the CNT
center. With the increase of simulation time, the number
density of CH4 in the CNT decreases, while the number
density of H2O (CO2 or N2) in the CNT increases. From
the variation of the black line, we can infer that the CH4
136 K. Lin et al. / Extreme Mechanics Letters 9 (2016) 127–138Fig. 14. (a) MD simulation of desorption by N2 injection. (b) The snapshots of the initial and final adsorption structure of CH4 in the CNT. (c) The variation
of CH4 density in the CNT with respect to time during the simulation.Fig. 15. Evolution of number density of displacing by (a) H2O, (b) CO2 and (c) N2 . The red lines are the distribution of H2O (or CO2 , N2) number density
along the radial direction at 0 ns, 0.5 ns, 1 ns, 1.5 ns and 2 ns, respectively. The black lines are the distribution of CH4 number density along the radial
direction at 0 ns, 0.5 ns, 1 ns, 1.5 ns and 2 ns, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)molecules in the center of the CNT were displaced firstly,
and the adsorbed CH4 molecules close to the CNTwallwere
displaced gradually. From Fig. 15(b) we can see that when
t = 1.5 ns almost all of CH4 moleculeswere displaced from
the CNT. However, from Fig. 15(a), (c) when t = 1.5 ns
there are almost 40% of CH4 molecules adsorbed in the CNT
and almost unchanged until t = 2 ns. It indicates that the
CO2 is the best candidate for the displacement of CH4 in the
CNT, and N2 is slightly better than H2O. In our simulations,
the time step is 1 fs. Moreover, to estimate the order of
magnitude of diffusion time scale for supercritical fluids
molecules in the CNT, we have t = x2 / (2D), with x2
being the mean squared displacement (MSD) of particlesin the CNT, the order of magnitude of the diffusivity
(D) for supercritical fluids is 10−8–10−7 m2/s, and the
characteristic length (x) of CNT is of the order of 10−9 m,
hence, the corresponding time scale of supercritical fluids
through CNT is of the order of 1–10 ps. Therefore, 2 ns is
long enough for those simulations.
4. Conclusions
In this study,MD simulations have been used to explore
the potential energy distribution of CH4, CO2, H2O and N2
on graphene surface, respectively. The stress caused by
adsorption is calculated through theoretical analysis and
K. Lin et al. / Extreme Mechanics Letters 9 (2016) 127–138 137simulation. The molecule configurations and adsorption
energies on the graphene surface were compared. The
adsorption energy is in the order of: CO2 < CH4 < N2 <
H2O. The lower the adsorption energy is, the easier the
molecule adsorbs on graphene, which indicates that CO2
is the best candidate in displacing CH4.
Second, the displacement of one CH4 molecule by
injecting one H2O (CO2 or N2) on the graphene was
discussed. It was found that the energy barrier decreases
with increasing displacement angle. When the molecule
(H2O, CO2 or N2) approached CH4 vertically to the
adsorption surface, the displacement of CH4 was most
favorable. Moreover, the mechanism of CO2 rotation in the
displacement process has been discussed, and there is a
critical point when CO2 molecule rotates from vertical to
horizontal.
In addition, we have explored the energy barrier
required for displacing one layer adsorbed CH4 by H2O,
CO2 or N2, respectively. We found that the energy barriers
required in these cases are almost one order of magnitude
higher than that required for displacing an isolated CH4
adsorbed on graphene. Moreover, comparingwith CO2 and
N2, in the case of H2O approaching the displacement angle
has a significant effect on displacing energy barrier.
Finally, the displacement/desorption of CH4 in the
CNT by H2O (CO2 or N2) injection was explored. In the
displacement process, the CH4 molecules close to the
center of the CNT were displaced firstly, and the adsorbed
CH4 molecules close to the CNT wall were displaced
gradually. In addition, the displacement efficiency of H2O,
CO2 and N2 were 61.6%, 96.9% and 64.8%, respectively.
Thus, in these three substances, CO2 is the best choice for
CH4 recovery, and N2 is slightly better than H2O.
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